This study evaluated the biomineralization and dentinal tubules occlusion abilities of the carboxyl-terminated polyamidoamine dendrimer (PAMAM-COOH) on human demineralized dentin in vivo at different time points. Demineralization dentin model with and without treated with PAMAM-COOH were sutured to the interior side of the rat's cheeks, that was incubated in the rats' saliva for 2, 4 and 6 weeks respectively. Finally, the newly formed precipitates were characterized by SEM, EDS, XRD and microhardness test. The hydroxyapatite (HA) on the dentin treated with PAMAM-COOH were formed gradually with the time going by, and the regenerated HA has a similar crystal structure with natural dentin, whereas the crystallites did not exist on the control group. The microhardness of PAMAM-COOH-applied specimens had a significantly higher than those without application. These results suggest that the PAMAM-COOH promoted the biomineralization of demineralized dentin and displayed favourable effects on blocking the open dentinal tubules.
INTRODUCTION
Dentin hypersensitivity (DH) is a very common oral clinical disease that arises from the exposure of dentin due to enamel loss and/or gingival root surface exposure 1) . It has been shown that demineralization dentin has much greater numbers of open tubules, wider tubular diameters, and greater fluid diffusion than intact dentin 2) . Therefore, based on the hydrodynamic theory 3) , eliminating or minimizing movement of fluids in the tubules by sealing the dentinal tubules may be the main method to treat DH 4) . Currently, many strategies have been developed to deal with DH. For example, calcium-phosphate 5) , potassium oxalate 6) , bioactive glasses 7) , fluoride 8) , and other materials have been used either in dentifrices or as single or multiple application agents to occlude dentinal tubules. However, there are no single desensitizing agent that can be considered ideal for this condition, since these materials have difficulties in replicating the hierarchical structure of mineral within the collagen matrix and do not fit well with natural dentin tissue. Then, the biomimetic mineralization strategy has been developed in recent years, i.e., to induce in situ remineralization of dentin by biomaterials through an 'amorphous precursor pathway' [9] [10] [11] . Thus, there is need for remineralizing agents that can play the role of Non-Collagenous Proteins (NCPs) in biomineralization process to formulate dentin-like tissue and seal the dentinal tubules effectively.
Several studies have aimed at using NCPs analog into demineralized dentin to achieve remineralization 12, 13) . Polyamidoamine dendrimer (PAMAM) is an extensively studies biomatererial in the field of biomineralization due to its biomimetic properties and well-defined/easily tailored spatial structure 14) . PAMAM, often referred to as 'artificial protein', is a new kind of hyperbranched macromolecular nanomaterial that has various functional end groups and topological architecture, which makes it a desirable candidate to mimic the natural NCPs, i.e., sequenstration of mineral ions and subsequent templating capability 14) . It has been recently revealed that different chemical modifications of PAMAM (e.g., carboxyl-terminated PAMAM and amine-terminated PAMAM) can act as an organic template to induce in situ remineralization on tooth enamel or intrafibrillar in artifical saliva or body fluid 13, [15] [16] [17] . Nevertheless, most of the previous studies focused on the immediate remineralization/occlusion effect of dentinal tubules with little evidence of wheather they could resist daily eating procedures or acidic foods under physicological conditions over time.
The current study was undertaken to evaluate the ability of generation 3.5 carboxyl-terminated polyamidoamine dendrimer (G3.5 PAMAM-COOH) in forming HA and/or mineral complexes on demineralized dentin in vivo monitored by a non-destructive approach known as Fouier Transform Infrared Spectroscopy (FT-IR) which is commonly used for the identification of binding capability between PAMAM-COOH formulation and dentin surface. Qualitative analysis by means of Scanning Electron Microscope (SEM), Energy Dispersive Spectrometer (EDS) and X-Ray Diffraction (XRD) were also used to analyze the chemical and morphological changes on the dentin surface. Dentin microhardness was also quantitatively evaluated over 6 weeks to estimate the ability of biomineralization induced by G3.5 PAMAM-COOH with rats eating daily. (a) The samples were cut into 4.0×2.0×1.0 mm plates with two holes to facilitate the implantation in oral cavity. (b) the dentin specimens of both A and B group sutured to the cheek of rat, respectively.
MATERIALS AND METHODS

Experimental animals
The experiments were carried out with male SpragueDawley (SD) rats (10 weeks old, 250-300 g). This was approved by the Animal Welfare Committee of School of Guangxi Medical University, China. In order to imitate the oral environment of human, all the animals were fed on granular form fodder during the experimental period.
Preparation of human tooth dentin samples
Forty sound extracted human third molars were obtained under a protocol approved by local Ethics Committee of the school and Hospital of Stomatological Hospital, Guangxi Medical University, China. The organic contaminants on the teeth were removed with a scalpel blade. Then, the teeth were further cleaned with 3% sodium hypochlorite to remove adhered bacteria and rinsed with PBS. All the samples were stored at 4ºC in water containing 0.05% thymol for no more than a month prior to use. The model of dentin hypersensitivity was set up according to the method of Mordan 18) . All the teeth were cut perpendicular to the long axis of the tooth in a buccallingual direction, above the Cemento-Enamel Junction (CEJ) using a low-speed water cooled diamond saw (Isomet, Buehler, Lake Bluff, IL, USA) into 40 dentin specimens (4×4×1 mm). A standard smear layer was created on both sides of the specimens using 400, 600, 800, and 1000 grit silicon carbide paper (Yuli Abrasive Belts, Shanghai, China) for 30 s under constant water irrigation. The dentin specimens were subsequently washed in the ultrasonic cleaners for 10 times each to remove the smear layer and then were demineralized with an appropriate quantity of 37% phosphoric acid gel for 20 s, washed with PBS for three times and sonicated with deionized water for 10 min. The samples were subsequently stored in deionized water.
Biomineralization of dendrimer-coated dentin in rats' saliva Each dentin specimen above was numbered at random and cut into 2 similar halves (4.0×2.0×1.0 mm) along the central line with two holes at both end of the sample by a low-speed water-cooled diamond saw (Fig. 1a) . One half of the disc was marked as A and the other half was marked as B. The A category of 40 dentin specimens constituted the control group; while the B category formed the experimental group.
First, the dentin specimens of B group were immersed in the 10 g/L G3.5 PAMAM-COOH formulation solution for 30 min, while the specimens of the A group (control) were immersed in deionized water for 30 min at the same time. G3.5 PAMAM-COOH, applied in this research, was purchased from the sigma company. For the second step, all the 80 dentin specimens of the two groups were rinsed 3 times with PBS solution and then dried at a low temperature. Then, the disks of both A and B group were fixed on the interior side of the rats' cheek, i.e., immersed in the rats' saliva (one disk on each side of cheek, Fig. 1b ). All the rats were anesthetized by intraperitoneal injection of 10% chloral hydrate (Wastang biotechnology, Shanghai, China) with a dosage of 30 mg/ kg body weight during the operating. For the third step, after immersion in the rats' saliva for 2, 4 weeks, every two pairs of dentin specimens were removed out of rats' saliva and rinsed with flowing deionized water for three times and then air-dried to observe their microstructure using the SEM. Finally, other samples were subjected to surface analysis by SEM, FT-IR, XRD, EDS and microhardness measurement after 6 weeks.
Binding capability of PAMAM-COOH on the dentin
Ten g/L PAMAM-COOH formulation solutions were evenly pipeted on the surface of demineralized dentin specimens. After drying naturally at room temperature, each sample was rinsed with deionized water for three times and dried again, Fouier Transform Infrared Spectroscopy (FT-IR, Spectrum One, PerkinElmer, USA) characterization was performed on the dentin surface before and after dendrimer coating, and as well as after 6 weeks remineralization periods in the rats' saliva. after PAMAM-COOH coating and after 6-week biomineralization in rats' oral cavity. The strong −PO3 frequency band at 1,023cm −1 , which is characteristic of hydroxyapatite (HA) is observed for acid-etched dentin sample. After PAMAM-COOH coating, the characteristic peaks of dendrimer (1,200 cm −1 for tertiary amine peak, 1,653 cm −1 for amide carbonyl peak, 3,312 cm
for amide vibration) are detected. After 6-week remineralization, the sample still exhibits obvious characteristic peaks of dendrimer.
Analysis of the in situ regenerated minerals on the dentin SEM (SU8020, 10 kv, USA) was used to analyze the dentin surfaces and their fractured edges after remineralization in vivo. All the samples were sputtercoated with gold before examination. An EDS apparatus (INCA350, Oxford, UK) associated with a SEM was used to identify the Ca/P ratio of the regenerated minerals after 6 weeks remineralization. XRD (D max=1,400, 40 kv, 110 mA, Japan) analysis was also carried out after 6 weeks remineralization to analyze the mineral phase of the new crystals. The range of scaning angles was from 10° to 80°. In addition, an untreated dentin disc was measured by XRD to obtain spectrum of the sound dentin as a baseline control.
Mechanical property of remineralized dentin
The microhardness of the surface of both A and B groups' samples (n=64) after 6-weeks remineralization were measured with a vickers indenter (Tukon 2100B Hardness Tester, Instron, Canton, MA, USA) under a 1 N load for 10 s. Each pair of corresponding samples that came from one tooth was detected in the similar region respectively so constituted 32 pairs of 2 groups. The mean values of five microhardness measurements for each of the 64 samples were recorded, and the average value was calculated as the final surface microhardness of this sample.
Statistical analysis
Statistical analysis was performed by SPSS16.0 (SPSS IBM, Chicago, IL, USA) for Windows. The data mentioned above for all the 64 specimens were collected and recorded by a trained evaluator who had no knowledge about the experimental groups (double blind technique). Paired t-test was applied to compare data from the experimental samples with the samples that presented its own control. A p value<0.001 was considered to indicate statistical significance.
RESULT
Binding capability of PAMAM-COOH to dentin
In order to directly visualize the dentin-anchored behavior of PAMAM-COOH, we performed an anchored test of PAMAM-COOH on the dentin samples. As shown in Fig. 2 , the FT-IR spectra of each sample shows strong −PO 3 frequency band at 1,023cm −1 , which are characteristics of hydroxyapatite (HA). After PAMAM-COOH coating, the characteristic peaks of dendrimer (1,200 cm −1 for tertiary amine peak, 1,653 cm −1 for amide carbonyl peak, 3,312 cm −1 for amide vibration) are detected. After 6-week remineralization in rat oral cavity, i.e., the biomineralization process was carried out in the flowing fluid environment of rat saliva, the sample still exhibits obvious tertiary amine peak which is distinctive for PAMAM dendrimer. However, the characteristic peaks of dendrimer are not observed for acid-etched dentin samples.
Biomineralization of dendrimer-coated dentin in rats' saliva 1. SEM/EDS observation The dentin surface morphology and the vertical section of dentinal tubules were observed by SEM and were showed in Figs. 3 and 4 , respectively. The dentin specimens of the control group biomineralization in rats' saliva for 2 weeks result in removal of smear layer and smear plugs, where all the dentinal tubules were open thoroughly (Figs.  3a1 and 4a1) . However, those dendrimer-coated dentin samples showed a deposition of a few flake crystallites attached on the tubule orifices (Figs. 3b1 and 4b1 ). After biomineralization in rats' saliva for 4 weeks, despite a reduction in the tubule lumen, all the dentinal tubules were still open completely with a smooth inner surface morphology of the control group (Figs. 3a2 and 4a2) . However, in the experimental group, narrowing of the orifices and a reduction in open dentinal tubules as well as melting of the tubule orifices by crumb-like crystals can be noted (Figs. 3b2 and 4b2 ). After biomineralization in rats' saliva for 6 weeks, apart from the tiny deposits accumulated on the dentin surface, there was no other visible difference of the control group compared with their early one (Figs. 3a3 and 4a3) . Nevertheless, the dentin surface of the corresponding experimental group appeared completely covered by a homogeneous fracture layer obliterating all the dentinal orifices (Fig. 3b3) . And the crumb-like crystals inside the dentinal tubules The dentin surface appeared completely covered by a homogeneous fractures layer obliterating all the dentinal orifices.
became a type of regular flake-like ones after 6-week biomineralization (Fig. 4b3) . The EDS analysis was undertaken on the dentin surface immersed in rats' saliva for 6 weeks, which is performed to measure the Ca/P ratios of new regenerated minerals. The Ca/P ratio of regenerated minerals induced by deionized water (A group) and PAMAM-COOH (B group) are 1.63 (Fig. 5a ) and 1.71 (Fig. 5b) , respectively.
XRD measurement
The XRD analyses performed in the intact dentin, Fig. 5 EDS spectra of demineralization dentin treated with deionized water (a) and PAMAM-COOH (b) after being incubated in rats' saliva for 6 weeks. The Ca/P ratio of regenerated minerals induced by deionized water (A group) and PAMAM-COOH (B group) are 1.63 and 1.71, respectively. Fig. 4 SEM micrographs of the vertical section of demineralization dentin treated with deionized water (A group) and PAMAM-COOH (B group) biomineralized in the rats' saliva for 2 weeks (a1 and b1), 4 weeks (a2 and b2) and 6 weeks (a3 and b3) at 10,000× magnification. (a1, a2 and a3) Observe that all dentinal tubules were open thoroughly with a smooth inner surface (white arrows). After treated with PAMAM-COOH, dentinal tubules were completely covered by a large amount of irregular lamellar crystals (b1), crumb-like crystals (b2) or regular flake-like crystallites (b3). Fig. 6 XRD spectra of the intact dentin, demineralization dentin treated with deionized water (control) and PAMAM-COOH after being incubated in rats' saliva for 6 weeks. The intact dentin and demineralization dentin treated with PAMAM-COOH exhibited sharp diffraction peaks at 2θ=25.8 (002), 2θ=31.6 (211) and 2θ=32.8 (300), respectively, which are the characteristic XRD peaks of HA. However, the control specimens showed no obvious diffraction peak. Fig. 7 The surface microhardness (HV) of demineralization dentin treated with deionized water (control) and PAMAM-COOH (experimental) after being incubated in rats' saliva for 6 weeks. Group identified by *** was significantly different (p<0.001).
demineralization dentin treated with deionized water (control) and PAMAM-COOH after being incubated in rats' saliva for 6 weeks is applied to detect the mineral phase and crystallanity of the regenerated crystals. As shown in Fig. 6 , the intact dentin and demineralization dentin treated with PAMAM-COOH exhibited sharp diffraction peaks at 2θ=25.8 (002), 2θ=31.6 (211) and 2θ=32.8 (300), respectively, which are the characteristic XRD peaks of HA. However, the control specimens showed no obvious diffraction peak. Meanwhile, according to the strength of the [002] and [211] peaks, the newly formed crystals in PAMAM-COOH are oriented almost along the Z-axis.
3. Mechanical property of remineralized dentin The microhardness of the surface of samples (n=64) after 6 weeks remineralization is characterized by Vickers microhardness test. As shown in Fig. 7 , the microhardness of the dentins treated with PAMAM-COOH (69.95±6.528, n=32) were significantly higher than the control group (49.75±5.4412, n=32) (p<0.001), making a significant increase of about 40.6% relative to the control group.
DISCUSSION
In general, the results of the present study indicated that polyamidoamine dendrimers may make it an effective and attractive therapy for DH. The effectiveness of G3.5 PAMAM-COOH in regenerating HA on demineralized dentin should be attributed to its specific properties. Polyamidoamine dendrimers are a new class of polymeric materials, which are generally prepared using either a divergent method or a convergent one. In the divergent method, dendrimers grow outwards from a multifunctional core molecule. Then the addition reaction with monomers is repeated for several generations and a dendrimers is built layer after layer 19) . Lower generation (0, 1, and 2) of dendrimers have highly asymmetric shape and possess more open structures as compared to higher generation ones. As the chains growing from the core molecule become longer and more branched (in 4 and higher generations), dendrimers adopt a globular structure 20) . The globular shape, the presence of internal cavities and the possibility to encapsulate guest molecules in the macromolecule interior make dendimers suitable for dentin biomineralization. Besides, "cationic" dendrimers (e.g., poly and amine terminated PAMAM) are generally haemolytic and cytotoxic. However, the half-generation and anionic PAMAM dendrimers, bearing a carboxylate surface, are not cytotoxic over a broad concentration range 21) . Therefore, G3.5 PAMAM-COOH was chosen to serve as templates or crystal modifiers for the dentin biomineralization in this present study.
Polyamidoamine dendrimers (PAMAM) have recently attracted attention for studying dentin remineralization. Half-generation dendrimers with carboxylate terminals were used to study crystallization of calcium carbonate in squeous solution 22) . Inspired by this study, Li J et al. 13) reported that the G4-COOH can be applied as the "artificial protein" to fulfill the dualfunction of NCPs and induced the biomineralization of HA on the surface of EDTA-treated dentin both in vitro and in vivo. In accordance, it has also been confirmed that G4.0 PAMAM displayed favourable effects on closing the open dentinal tubules in Artificial Saliva (AS) 23) . In addition, the triclosan-loaded G4.0 PAMAM-COOH also can induce in situ remineralization with hierarchical structure on human dentin and release anti-bacterial drug for local treatment at the same time 17) . However, most experiments above of dentin remineralization can, at present, only be evaluated by incubating the samples in Artificial Saliva (AS) 17) , Simulated Body Fluid (SBF) 24) or remineralizing fluid 25) , all of which have problems and limitations. To observe and evaluate the biological mineralization of the G3.5 PAMAM-COOH on the demineralized dentinal tubules in vivo, the present study used an animal (rat) study model because of the ease of reproducing oral characteristic similar to those of humans. That is the samples of human demineralized dentin were sutured to the cheeks of rat, by which the oral cavity of rat could provide an environment such as oral temperature, ion, enzyme, saliva flow, dental biofilm and mastication similar to that of human beings.
FT-IR spectroscopy has been shown to be an effective non-destructive approach for surface analysis which ensures high comparability of spectra before and after treatments 26) . Figure 2 shows that the characteristic peaks of dendrimer (1,200 cm −1 for tertiary amine peak, 1,653 cm −1 for amide carbonyl, 3,312 cm −1 for amide vibration) are obviously detected on dentin after PAMAM-COOH coating. Then, after 6-week biomineralization in rats' oral cavity, the sample still exhibits clear characteristic peaks of dendrimer attributed to the physical adsorption of PAMAM-COOH to HA of the demineralized dentin. This result is meaningful for clinic application, since it indicates that the PAMAM-COOH have excellent binding strength to demineralized dentin to resist the scouring action of saliva and food in oral before it can fufill its function of inducing HA regeneration.
In our study, most of the tubules in the control group were found to be open thoroughly (Figs. 3a1, 3a2 , 4a1 and 4a2), with a tiny deposits accumulated on the dentin surface and in the dentinal tubules (Figs. 3a3 and 4a3) . On the other hand, SEM showed that the results were different in the experimental groups. The minerals on the surfaces of the dentin disks were formed and the crystals grow perpendicularly to the long axis of the dentin tubules gradually with the time going by (Figs. 3b1, b2  and b3) . Finally, the irregular lamellar crystals (Fig.  4b1 ) and crumb-like crystals (Fig. 4b2) became a type of regular flake-like ones (Fig. 4b3) and completely cover almost all the dentin tubules after 6 weeks, indicating that the dentin biomineralization induced by PAMAM-COOH progressed as expected. Two mechanisms are proposed for the growth and precipitation of crystals induced by G3.5 PAMAM-COOH: (a) the amphipathic half-generation dendrimer might serve as nucleation site due to its supramolecular (micellar) aggregate and, (b) the calcium binding on the carboxylic group present on the surface of the spherical dendrimer might serve as a nucleus 27) . The occurrence of both mechanisms above together is also a possibility. Moreover, the crack on the mineral layers on the experimental samples after 6 weeks biomineralization due to the strong and continuous mechanical activity exerted on them during eating or grinding of rats. Ca, P and the calcium-to-phosphorus mineral ratio (Ca/P) present in hydroxyapatite crystals are the major inorganic components and indicate the basic composition of the dental hard tissue surfaces. It has been reported that some chemical agents cause alterations in the chemical structure of human dentin and change the Ca/P mineral ratio of the dentin surface 28) . Since both ions (Ca and P) are ultimately related to remineralization, most research efforts have been directed toward their deposition or enhancement of their concentration in dental structure 29) . The chemical and mechanical properties of remineralized dentin induced by G3.5 PAMAM-COOH in this study were further characterized by XRD, Ca/P analysis (EDS) and HV. In this presence study, the EDS analysis reveals that the Ca/P ratio of these minerals (Ca/P=1.71) of dentin treated with PAMAM-COOH was close to that of pure HA (Ca/P=1.67) in natural dentin. Morever, the XRD results suggest that the main phase of crystals of dentin treated with PAMAM-COOH is HA and the structure of regeneration minerals is similar to that of the intact dentin. Meanwhile, the microhardness analysis further confirms that G3.5 PAMAM-COOH can induce biomineralization of human dentin in rats oral saliva and help to recover the surface microhardness. Although the G3.5 PAMAM-COOH developed a mineral layer on the dentin surface and inside dentin tubules, this phenomenon requires further clarification in the future study, focusing on the depth of the remineralizaion and the dentin permeability.
CONCLUSIONS
The results of the present study should be interpreted with caution before extrapolating them to dental practice in humans, considering the nature and limitations of animal experimentation. Within the limitations of this study, it may be concluded that the G3.5 PAMAM-COOH promoted the biomineralization of demineralized dentin and displayed favourable effects on blocking the open dentinal tubules in vivo.
